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Abstract
The 3D imaging radar technique belongs to a relatively new generation of Ground Penetrating Radars (GPR). It can be used in 
both versions of equipment i.e. in commonly used pulses of electromagnetic wave scanning and in the step frequency technique, 
where sampling of the ground response for long sinusoidal signal and for numerous set of frequencies is used. The frequency 
range selection, as well as other settings of the measuring system (in the step frequency method) belongs to critical features of the 
procedure and they have influence on results and interpretation.
The paper discusses the diagnostic abilities of the 3D imaging technique on the base of data collected over historic pavement 
section with complex structure of layers. The method of horizontal slices were used to present and analyze the data. The method
is particularly efficient in the detection of reinforcement and large infrastructural objects of linear shape. In the case of tested 
pavement section it is interesting that slices allowed for the detection of joints and cracks characterized by very weak GPR 
response. In this case several questions appear as to the nature of response generation and the features of the medium structure 
which are represented in the scattered signal.
The presented case study well illustrates possibilities of the GPR technique in interpretation of complex pavement structures and 
possible mechanisms of cracking process. The present paper describes one case study of the semi-rigid pavement. The GPR 
analysis of its structure shows possibilities of this technique, illustrating mechanism of the current reflected cracking occurring in 
asphalt package above the concrete subbase.
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1. Introduction
Ground Penetrating Radar (GPR) method is used routinely to assess the continuity of the structural layers of 
pavement, or for measuring the thickness of the asphalt packet. The technique also offers a great potential in 
examining the detailed architecture of the asphalt packet and qualitative evaluation of the road's condition, including 
diagnoses of internal defects such as interlayer delaminations or cracking. GPR measuring systems emit 
electromagnetic pulses towards the test object and receive the reflected signals. Emitted electromagnetic pulses 
passing through successive layers of materials with different dielectric properties are partly reflected on their 
boundaries. The primary object of measurement is the return time and the amplitude of the signal reflected from the 
boundary.
Step frequency equipment uses sampling of the ground response for long sinusoidal signal (and for numerous set 
of frequencies) in spite of short impulse signal (in impulse technique), performed at every measuring point. Step 
frequency technique is very useful in pavement diagnostics (Dérobert (2001)). The current step frequency systems 
do not have a very large resolution of the produced images, but they have significant independence from external 
noise influence in comparison to high frequency impulse air-coupled antennas. For some technical reasons the step 
frequency method allow fast data collecting on dense set of parallel profiles (C-scans).
Horizontal slices imaging is a technique of visualization data collected in C-scan mode. The amplitudes of signals 
(after frequency to time conversion) collected in different points of the scanned area and corresponding to one 
chosen travel time, are represented as a map. This representation allows tracing of horizontal continuation of some 
structures manifestations not only in a direction of a single profile but also in lateral directions. The complexity of 
shape and non horizontal run of structural lines makes the spatial analyses difficult even in the cases of structures 
having approximately linear shape. Thus, 3D methods of visualization (Benedetto (2012)) become more and more 
necessary in interpretation practice.
Thanks to use of GPS the system has decimeter precision of synchronization for data collected in different 
measurements (subsequent drives). This is a very important feature of this equipment which allows tracing lateral 
continuation of structures on several meters distances to confirm reliability of the observations. For this reason the 
method has large possibilities in studies of structures having linear geometry and horizontal continuation like joints 
and cracks.
2. GPR observation of concrete joints
2.1. Construction of the investigated pavement, data acquisition and processing
Investigated pavement is a part of airport taxiway network. The old section of this road was poorly documented, 
but it was known that there were several types of constructions where base layer was cement concrete and surface 
layer was asphalt concrete.
The current condition of the pavement is poor. There are a lot of cracks with different characteristic. Ones are 
typical transversal cracks that occur in fixed intervals. The others are cracks that occur in different directions such as 
longitudinal and slantwise. The network of cracks is quite thick what makes the surface uneven and subsidence of 
pavement locally occurs endangering the safety of aircraft traffic.
The 15 channel antenna (Fig. 1) by 3D Radar Company was used for scanning. The sampling of scanning covers 
300MHx to 3GHz frequency range, what results in effective time/depth resolution comparable to 700 MHz impulse 
antennas. Data was collected in six runs covering the area of the investigated path situated on a larger square. The 
dedicated software of manufacturer was used for processing and visualization of the data. Processing contained the 
basic necessary transformations: frequency to time conversion, background removal (hi-pass horizontal filter along 
scanning path) and autoscale (depth-dependent amplitude correction). For approximate time to depth recalculation 
an arbitrary permittivity value 9 (typical for pavement concretes) was assumed.
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Fig. 1. Antenna of the step-frequency 3D Radar dedicated to pavement diagnostics.
As an auxiliary recognition of structure the profile scanning by the use of 1 GHz and 2 GHz air-coupled impulse 
antennae was performed (Fig. 2). In the investigated area an extremely strong electromagnetic noise occurred what 
was the reason of low quality of these echograms. Nevertheless, the auxiliary sections show clearly the general 
structure of the construction. In comparison to these sections the step frequency results have good quality showing 
relatively large independence of this technique to external EM disturbances.
Fig. 2. Auxiliary GPR vertical cross-section along the lane path axis (upper: 2GHz impulse air-coupled antenna, and lower: 1GHz one) showing 
the general layer structure of the investigated pavement.
The very first analysis of GPR data has shown that the construction of pavement consists of a 12cm thick asphalt 
package and two cement concrete layers where both the upper and the bottom one are 12cm thick. This finding is 
not only important in further analysis of echograms but also in the selection of pavement maintenance technology.
2.2. The pavement structure observed in horizintal slices
Horizontal slices corresponding to the shallowest depths (Fig 3; z = 0, 4, 8 cm) show regular pattern in the form 
of a rectangular network. This kind of pattern is not a typical feature in asphalt pavement. In the left part (region A) 
of the figure the lines of the network are parallel to the boundaries of the figure while in the right part (region B) the 
pattern is also regular, but the lines are rotated with respect to the figure frame. In the middle of the path a 
rectangular area occurs (“Patch”; Fig. 3) bounded by lines parallel to the frame like in region A, but occurring in 
discordant positions. The border of this field visible on horizontal slices has some different features from the lines 
corresponding to joints or cracks. On some slices the line corresponding to boundary between contrasting areas has a 
tendency to anti-symmetry (opposite signs of amplitudes on the opposite sides of axial line), while the lines being 
manifestations of joints usually have symmetrical form. In the first case, these tendencies toward asymmetry (or 
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anti-symmetry) are a result of horizontal permittivity contrasts resulting in asymmetric scattered signal (Fig. 4). Its 
anti-symmetric part would be next outlined by the background removal procedures (if these contrasts occur in the 
scanning path direction). The interior of this large field is free of any linear patterns and first linear shapes appear at 
the depth of 12 cm. This area corresponds to a relatively new repair running downward into deeper asphalt layer 
package.
At depths corresponding to the top of the upper concrete slabs (Fig. 3, depth z = 15 cm) a group of lines 
perpendicular to the path axis and about 10m one from the other are visible. They can be interpreted as some 
infrastructural lines. It is interesting that these lines have no manifestations at shallower slices, which means that the 
regular network patterns occurring there correspond to real structural damage at lower asphalt layer. 
Fig. 3. The set of horizontal slices for different depths z, obtained as result of the pavement scanning by the use of step-frequency 3D Radar. The 
route of the auxiliary GPR profile (“lane path axis”, Fig. 2) and corresponding distance definition was depicted on the map together with repair 
area (“Patch”) and two regions considered in the text.
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At depths z of about 30 cm the regular network patterns become sharp and well visible. This depth position 
corresponds to the bottom of the upper concrete slabs. The joints and well developed cracks are usually visible in 
GPR inspection and the top and bottom lines at contact surfaces between layers are associated with the strongest 
scattering (.U\VLĔVNL (2013)). The patterns visible on horizontal slices have exactly the same shape and position as 
weaker and blurred patterns observed at shallower depths in asphalt package. It proves that the patterns occurring at 
shallower depths reflect network of joints in the cement concrete slabs in subbase. These manifestations continue in 
deeper slices but in the area A appears an additional family of lines at depth about 40 cm, which are accordant with 
rotated lines of B region. The regular patterns disappear in slices deeper than 60 cm.
Fig. 4. Construction changes of the investigated asphalt pavement observed on horizontal slices at different depths z. The boundary C1 is visible 
on the surface as a change of the wearing layer. The boundary C2 corresponds to the changes of interlayer horizons depth only.
2.3. Chronology of responses corresponding to different levels
Chronology of manifestations is a known feature of impulse GPR technique; any structure cannot have 
manifestations at time shorter than the travel time necessary for return of the emitted signal back to the receiver. It 
means in particular that the structures occurring in deeper layers cannot have manifestations in horizontal slices 
corresponding to shallower layers. This feature is not obvious in the case of step frequency technique, where the 
time domain representation of the signal is obtained as a result of reversed Fourier transform of the frequency 
domain data. The given system (including the processing procedures) should be tested with respect to expectation of 
response chronology, which is very important in analytical practice. The presented example proves that patterns 
observed at depths corresponding to asphalt package are not an artifact of deconvolution inspired by the joint 
network at concrete subbase, but they are representation of some real material damage in lower asphalt layers 
reflecting the long-term mechanical influence of the deeper network. Similar confirmations were obtained also in 
some other observations of dowels response in concrete slabs.
Another problem is related to response prolongation for times longer than minimal travel-time. In the case of 
joints and cracks the first manifestations are usually strong and they correspond to the top part of the crevice. The 
later manifestation can represent some irregularities of the deeper part of the crevice or interaction of the primary 
signal with some distinctive structural contrast (.U\VLĔVNL (2013)). In the given system very strong reverberations 
occur inside of the antenna chamber and any strong primary signal is associated with subsequent multiples repeated 
in 2 ns interval (Fig 5).
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Fig. 5. Comparison of the vertical cross-section obtained by the use of step-frequency 3D Radar (upper) with the cross-section obtained by 1GHz 
air-coupled impulse antenna (lower) on the same pavement section.
3. Conclusions
The presented case study shows possibilities of the horizontal slices technique in visualization of the joints and 
cracks. In this example the connection of the cracking process with joints network in the concrete is well visible. 
The specific geometry of the investigated pavement allowed illustrating the importance of chronological 
argumentation in analysis of horizontal slices sequence. The analysis proves that the used step frequency system 
keeps chronology of responses corresponding to subsequent slices.
By using 3D GPR technique it was demonstrated that the layer system of the existing pavement is so complex 
that it requires an individual approach to renovation technology. The decisive factor here is the system of cracked 
slabs in both layers of cement concrete. The specificity of the system and the possible crack growth of undetermined 
nature necessitate careful selection of technologies to prevent cracking of asphalt layers.
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